The aim of this study was to investigate the level of evolutionary divergence among five isofemale lineages of Metopolophium dirhodum Walker (Hemiptera: Aphididae) using sequences of the Internal Transcribed Spacer (ITS) of ribosomal DNA (rDNA). These isofemalelineages were derived from parthenogenetic females, previously genetically characterized by having strong association of RAPD (Random Amplified Polymorphic DNA) molecular markers and host plant preference. Out of 25 sequences, only 17 containing ITS2 (the second spacer) were used for analysis due to their quality. Within 250 nucleotide sites originated by multiple alignments, 10.4% were variable, with the predominance of indels over substitutions. The average of nucleotide diversity (π) within isofemale lineages was similar to the diversity found among all isofemale lineages. The topology inferred by the Neighbor-Joining method showed that no evolutionary divergence inferred by ITS2 sequences among isofemale lineages typified by RAPD could be associated with host preference. The ITS2 sequence differences found within lineages and their causes are discussed.
Introduction
Metopolophium dirhodum (Walker, 1849) is an important pest of cereals, not only because of the direct damage that this aphid causes by sap suction but also indirectly by transmission of plant virus and losses in cereal production are reported between 7% -17 % [1] . The presence of M. dirhodum in South America was first reported in the 1970s in Chile and Brazil, where it became the major pest of wheat [2] .
There are no records of the occurrence of the sexual phase in Brazil [3] and few studies on the genetic diversity of M. dirhodum have been carried out in comparison with other cereals aphids worldwide. For instance, absence of correlation between genetic polymorphisms and host preference in Southern England was reported [4] . In another study, the genetic variability of introduced populations of M. dirhodum in New Zealand is low when compared with populations from Scotland [5] . However, in southern Brazil, the presence of two karyotypes within populations of M. dirhodum (2n = 16 and 2n = 18) was reported, showing an important genetic divergence caused by chromosomal rearrangements [6] .
Insect species that cyclically alternate sexual and asexual phases, as aphids, provide an excellent opportunity to study changes in multi-gene families, which may have arisen after reproductive isolation periods [7] . The ribosomal DNA of eukaryotes (rDNA) is a multi-gene family arranged in repeated units, each containing ribosomal RNA genes that are separated by two internal transcribed spacers (ITS): the ITS1, located between 18S and 5.8S ribosomal genes, and ITS2, which separates 5.8S gene and 28S ribosomal genes [8] . While ribosomal genes are highly conserved within species, ITS sequences can be intra-specifically variable. Ribosomal genes and spacers are not subjected to the same selection intensity. ITS evolves much faster than ribosomal genes and more slowly than intergenic spacer region (IGS) [8] . The ITS region have been used as molecular clocks to estimate divergence times among taxons. The rate of base substitutions observed within ITS2 sequences for the majority of organisms ranges from 0.3% to 0.8% per million of years [9] .
In parthenogenetic organisms, rDNA may be homogeneous due to recombination [10] , but after a long cycle of apomictic generations, differences in nucleotide sequences between alleles are acquired [11] . In that case, if concerted evolution is less efficient in the homogenization of the nucleotide sequence of ITS. Some level of variation might be found among multiple copies of genes within parthenogenetic individuals [12] . For example, the large part of the variation in the ITS1 sequence (80% of the total) in Darwinula stevensoni (Crustacea), an asexual organism, was found within individuals [12] . There is a report about intragenomic variation within ITS1 sequence, which originated an existence of two haplotypes within Myzus persicae (Sulzer) individual [13] .
Despite variation of ITS, which is a limitation for phylogenetic studies of closely related species, ITS1 and ITS2 sequences are useful to detect cryptic species or even species before their formal description [14] .
The primary interest of this investigation was to verify the existence of intragenomic variability in the internal transcribed spacer sequence of rDNA within and among isofemales lineages (clonal lineages derived from a single female clone) collected in cereal producing regions in southern Brazil [3] . Genetic polymorphisms were found in M. dirhodum clones strongly correlated with the host-plant where the aphids were collected, which suggests that the hypothesis of host-races (one associated with wheat and the other associated with oats) should be investigated [3] .
Material and Methods

Selection of Aphid Clonal Populations
The aphid lineages used in this work were selected based on their differences in the RAPD profiles, which DNA polymorphisms showed a strong relationship to the host-plant field preference of individual clones [3] . The original clones were collected from wheat and oat fields in Rio Grande do Sul State, Brazil ( Table 1) . One female collected on wheat (J. Lage, personal information) obtained from CIMMYT (El Batan-México) was included in the analysis for comparison. All clones were reared on their original field host (wheat or oats) in vases under greenhouse conditions. In order to avoid parasitism, the plants were protected by transparent acrylic tubes, whose tops were covered by fabric [3] .
DNA Extraction and ITS Amplification
DNA extraction was performed according to Carvalho and Vieira's protocol [15] , with slight modifications in order to get the best performance for DNA extraction. All conditions were tested before to bioassays to assure DNA extraction with reasonable quality for analysis. Five clones of each lineage from a single parthenogenetic female were macerated in 1.5 mL microtubes with a 200 µL extraction buffer (200 mM Tris-HCl, pH 8.0; 2 M NaCl; 0.5 M EDTA) and 50 µL sarcosyl. The resultant suspension was heated on a warming plate (65˚C) for 30 min and centrifuged at 10,000 rpm for 15 min. The supernatant was poured into a new microtube, and 110 µL ammonium acetate (10 M) with 250 µL cold isopropanol was added and both are necessary for DNA precipitation at −20˚C for 8h. After a freezing process, the microtubes were centrifuged at 10,000 rpm during 15 min. The DNA pellets were washed with 70% ethanol, re-suspended by addition of a 25 µL TE buffer (Tris-EDTA, pH 8.0 with RNAse) and then stored at −20˚C. The PCR reactions were carried out in 0.6mL microcentrifuge tubes containing 400 µM of dNTP, 2. . The amplifications were performed in a thermocycler (MJ Research, model PTC-100 TM ) using the following program: 3 min at 95˚C, followed by 35 cycles for 1min at 95˚C, 1 min at 55˚C and 2 min at 72˚C, with the final extension of 5 min at 72˚C. The amplified fragments length was estimated at being around 900 bp.
DNA Cloning
After gel staining with ethidium bromide, the band was excised by the "freezing-thaw" method, and recovered inside a 1.5 mL microtube and DNA was precipitated using sodium acetate 3 M (pH 5.2, 10% v/v) and 2× the amount of absolute ethanol at 0˚C. After centrifugation (10,000 rpm) for 5 min, the precipitate was washed with 200 µL ethanol 70% and dried at room temperature. DNA was re-suspended in 10 µL TE buffer +RNAse. The fragment of the ITS2 region was cloned using the vector PCR 2.1-TOPO cloning kit (Invitrogen™), according with manufacturer's specifications and inserted in the Escherichia coli strain DH5-α by electroporation. Five transformed clones per Petri dish were selected each one representing one copy of ITS2 of each isofemale lineage of M. dirhodum. Plamidial DNA was extracted by alkaline lise [17] and sequencing was made in the Mega BACE 1000 DNA Analysis System (GE Life Science) using the reverse primer M13 (5'-AGGAAAC-AGCTATGAC-3'). Each clone was sequenced three times to assure that the scored bases were not products of PCR errors.
Data Analyses
DNA sequence alignments were performed using the Clustal W package with a gap-opening penalty of 5 and a gap-extension penalty of 2. Manual adjustments were made with the BioEdit software [18] .
Nucleotide diversity (π) was calculated as: π = Π/L, where Π = average nucleotide differences between two sequences randomly taken from the population and L = length of sequence (number of nucleotides) [19] . With "n" sequences, Π was calculated by the following formula: Π = 1/[n(n − 1)/2] × Σ i < j Π ij where Π ij is number of differences between "i" and "j" sequences, being n/(n − 1)/2 the number of possible pairs of all sequences analyzed [20] . The nucleotide diversity was calculated within sequences of the same clonal lineage and between sequences of different clonal lineage. Gaps were considered as a fifth base.
The phylogenetic tree was drawn using the MEGA 2.1 software (Molecular Evolution Genetic Analysis) [21] based on the Neighbor-Joining (NJ) distance method [22] . The distance between pairs of sequences was obtained by the Kimura Two-Parameters model, with transition/transversion ratio =2, excluding gaps originated by multiple alignments. The same model was used to calculate the distances within and between clonal lineages. Confidence in estimated relationships was determined using the bootstrap approach and it was obtained using 5000 replicates.
Acyrthosiphon pisum Harris (Hemiptera: Aphididae) was chosen as an out-group because it is the species which is phylogenetically most closely related to M. dirhodum [23] .
Results and Discussion
Size and Composition
From 25 sequences obtained, only 17 were utilized for ITS2 analysis due to their sequence quality. Although sequence information of over 900 bp from the internal transcribed spacer region (ITS1, 5.8S and ITS2) was obtained, only sequences from the ITS2 region were considered in this study. These sequences ranged from 236 to 243 bp, resulting in 250 positions suitable for analysis in multiple alignments.
The sequences differed by six substitutions (three transversions and three transitions) and they presented 21 indels. In the position 221 of multiple alignment was observed a substitution and a deletion. Differently from human lice (P. humanus) where the occurrence of deletions of 10 -25 bp has been reported [24] , the indels in ITS2 sequences of M. dirhodum are mainly constituted of small deletions (one or two bases). Indels were also found in the ITS region of other aphid species, like Myzus persicae [13] where intra-individual variation in ITS1 was found, but comparatively, the ITS sequences of M. dirhodum are more variable. The intragenomic variation of M. dirhodum ITS2 has a level similar to ITS2 of the cestoda worm Caryophyllaiedes fennica, which 13 different ITS2 sequences were obtained from three individuals [25] . However, the level of intra-individual variation of ITS found in M. dirhodum is relatively low when it is compared with variation found in the corals, which level can reach 30% among sequences [26] .
The nucleotide composition of the M. dirhodum ITS2 partial fragment reveals a predominance of C:G (approximately 70%). The predominance of C:G over A:T in the ITS region is common, with the exception of Drosophila, where the percentage of G:C content of the ITS2 ranges from 18% to 26% [27] . The analysis of other ITS sequences from aphids present in the GenBank shows that the predominance of G:C over A:T in the ITS region and it seems to be a general rule for this insect group (data are not showed).
Overall, the most divergent distance between lineages was the pair W9-W10 (they shared the same host). The less divergent was W7-014 (isofemales from different host species). The Mexican line (W3) had greatest genetic distances among their sequences and also from sequences of other isofemale lines ( Table 2, Table 3 ).
The average ITS2 nucleotide diversity within an isofemale lineage was similar to the diversity found among the five lineages. Within the clonal lineages previously characterized by RAPD, the lowest nucleotide diversity was within lineage W9 (π i = 1.3%), and the highest within clonal lineage O14 (π I = 3.3%). Between clonal lineages, the highest π was found within pairs that contained O14 lineage, especially the sequence pair O14-1 and O6-2 (π = 5.0%).
These results showed that the nucleotide diversity within the ITS2 region of M. dirhodum is distributed homogeneously within (π i ) and among lineages (π e ) ( Table 4) . Similar distribution was found in D. stevensoni (Crustacea: Ostracoda) by [12] On the other hand, intragenomic variation has 85% -91% of total variation rDNA in Chortippus paralellus (Orthoptera: Acrididae) [28] .
The amount of variable sites found within ITS2 sequences of M. dirhodum clonal lineages analyzed in this work (10.4%) was less than that found in Pediculus humanus (34.4 %) [24] , but similar to that obtained by for Ixodes scapularis (Acari) [29] . The only report about intragenomic ITS sequence variation within aphids reveals the existence of six-point mutations within ITS1 of M. persicae [13] . The rate of substitution reported is similar to that found in the ITS2 sequences of M. dirhodum in this present work. Some organisms have highly conserved ITS2 sequences, such as Drosophila (Diptera) species [27] , which shows that concerted evolution is very efficient for homogenization of a gene present in many copies. In a different way, as demonstrated here, aphids can carry variation within their ITS copies. The intragenomic sequence variation is not a particular characteristic of parthenogenetic organisms. Intragenomic heterogeneity of the ITS regions was already observed in many different organisms The extent varies considerably between taxa and it is presumed to arise by mechanisms such as slipped strand mispairing events. Also, in parthenogenetic organisms such as aphids, the absence of meiosis limits heteroduplex molecules formations that are need for homogenization of paralogs copies [12] . Intragenomic polymorphism in rDNA is much more common than was previously reported and reports showed that concerted evolution is not working to homogenize sequences of rDNA of many organisms, such ascomycetes fungus [30] and based on our results, this occurs in aphids also.
Variation is not found only in non-coding regions as ITS, IGS and External Transcribed Spacers and a highly divergent rDNA groups was found within single individuals of Podisma pedestris (Orthoptera: Acrididae) [31] . Further studies are still needed to determine the existence and the extent of intragenomicvariation on coding-regions of rDNA of M. dirhodum. The variation was found only in the ITS regions and none variation in the sequences of 5.8S gene was observed, but the analysis in other coding regions (18S and 28S) by limitation of primers set utilized.
Phylogenetic Analysis
The consensus bootstrap neighbor-joining tree obtained after 1000 bootstraps replicates indicated that the hypothesis of monophyly associated to the host plant should be rejected (Figure 1) .
Host-race evolution is described in grass aphids like Schizaphis graminum (Rondani) which divergence among sequences of cytochrome oxidase I (mitochondrial gene) among biotypes were consistently observed [30] . S. graminum is considered a case of host-races that diverged in consequence of coevolution with non-crops [30] and this does not seem to be the case of M. dirhodum. The host-race existence in M. dirhodum in Brazil could be the result of a recent event of selection imposed by hosts on introduced populations. As RAPD markers can be associated with adaptative polymorphisms [31] , there is a greater probability to find RAPD polymorphisms associated to host-plant preference than finding divergences in the sequences of ribosomal or mitochondrial DNA [3] [32]- [34] .
The particularities of aphid reproduction systems have important evolutionary consequences. The genetic variation that appears within obligatory parthenogenetic clones is not caused only by mutations. Exclusively asexual lineages can produce males, which only mate with females of sexual lineages, giving rise to new asexual and sexual lineages [35] . It is known that the ribosomal DNA of aphids is confined to sexual chromosomes (X chromosomes) [36] . Females (with XX chromosomes) originating from the mating of males of asexual lineages with females of sexual lineages can have two sets of rDNA with divergence at the time of separation between sexual and obligatory asexuals. Another possible explanation for ITS intragenomic variation in aphids is interspecific hybridization. However, there are only two reports of inter-specific crosses inferred by DNA analysis: Sitobion avenae × Sitobion fragariae [37] and asexual hybrid lineages of Rhopalosiphum padix cryptic species of Rhopalosiphum [38] . No satisfactory explanations on the mechanisms responsible for the variation found in the rDNA of parthenogenetic organisms such as aphids were proposed [39] .
In this present work, it was showed for the first time that intragenomic ITS2 sequence variation occurs within M. dirhodum. This finding lends support to the hypothesis of rapid changes in clonal lineages of aphids [40] .
The variation in ITS2 sequences of the ITS2 region in M. dirhodum populations collected in southern Brazil suggests that concerted evolution has not homogenized all rDNA copies within individuals. Despite the level of intragenomic variation found, based on information obtained from ITS2 sequences, the previously RAPD typified isofemales lineages are not evolutionary divergent by host use or preference.
High diversity in ITS regions of rDNA is a clear indication of occurrence of sexual phase in M. dirhodum at certain level. In the case of aphids, this can be a source of new clonal variants and high probability of emergence of new-host races. This aspect of biology of M. dirhodum in South America is important especially for plant breeding programs to incorporate resistance to this pest.
